Adult rat liver contains a minor population of hepatocytes called small hepatocytes (SHs) that are smaller in size and show a higher replicative potential than conventional parenchymal hepatocytes (PHs). However, SHs have been hitherto characterized using a "SH-fraction" that was contaminated with PHs. In the present study, we isolated a PH-free SH-fraction from the adult rat liver using fluorescence-activated cell sorter combined with centrifugal elutriation and characterized the hepatocytes in the fraction.
Introduction
When adult rat hepatocytes are cultured, colonies consisting of replicating small hepatocytes (SHs) are frequently observed [1] [2] [3] . After collagenase perfusion, SHs are enriched in the nonparenchymal cell fraction by their size using a repeated centrifugation technique [2] . Cultured SHs show a high proliferative ability, and express hepatocyte markers such as albumin and transferrin as parenchymal hepatocytes (PHs). Since several SHs start to express biliary epithelial cell markers in long-term culture, the SH population might contain a bi-potential progenitor-like cell in normal adult rat liver [2] . SHs were also observed in cultured human hepatocytes [4] .
SHs were isolated from adult rat liver using a repeated centrifugation technique as above. However, these SHs were still heterogeneous in both size and cell species, because we showed that the isolated SHs contained not only "true" SHs, but also PHs and other nonparenchymal cells [5] . We previously analyzed the heterogeneous SHs with a fluorescence-activated cell sorter (FACS), which showed that such SHs consist of the two major populations designated SH-R3 and SH-R2 [5] . In the present study, we rename the previous SH-R3 and SH-R2 as R3 hepatocytes (R3Hs) and R2 hepatocytes (R2Hs), respectively. Size and the in vitro proliferative potential of R3Hs were smaller and higher than those of R2Hs, respectively [5] . The size of R3Hs was homogenous as compared to the original SHs and did not contain large hepatocytes. R2Hs showed size and gene/protein expression profiles similar to PHs. Transplantation study revealed that the growth potential of R3Hs was 3 times higher than that of R2Hs [6] . Thus, R3Hs separated from the heterogeneous SH population are regarded as "true SHs" which have a high proliferative ability both in vitro and in vivo.
FACS sorting allowed us to isolate a small amount of the true SHs (R3Hs) from the heterogeneous SH fraction [5, 6] . However, the lack of an appropriate method to prepare enough R3Hs for analytical purposes has hampered quantitative characterization of R3Hs at the gene/protein level [2] . In the present study, we succeeded in the isolation of a large amount of R3Hs from adult rat liver. We were able to characterize R3Hs using fresh preparations in terms of the expression of specific genes and the intra-lobular distributions.
R3Hs expressed many hepatocyte differentiation-and proliferation-related genes, but not oval cell-related genes. From the gene expression profile, we concluded that SHs dominate the periportal zone in the adult liver.
Materials and methods
Preparation of Hepatocytes. Liver cells were isolated from 10-week-old Fischer male rats (SLC Inc., Japan) with the two-step collagenase perfusion method [7] . PHs and SHs were separated by low-speed centrifugation as previously described [2] . In the present study, we purified a large amount of R3Hs as illustrated in Fig. 1 . Liver cells collected from liver by the collagenase perfusion were 3 times pelleted by centrifugation at 50 g for 2 min, placed on 45% Percoll, and centrifuged at 50 g for 24 min [6] . The pellets containing both SHs and PHs were suspended in DMEM containing 1% FBS and was fractionated by centrifugal elutriation using a CR21 high-speed refrigerated centrifuge (Hitachi, Tokyo, Quantification of mRNA. cDNAs were synthesized by PowerScript reverse transcriptase (Clontech) and were amplified with a set of gene specific primers and SYBR Green PCR mix in a PRISM 7700 Sequence Detector (Applied Biosystems, Tokyo, Japan). PCR primers used in real-time RT-PCR were listed in Table 1 . A series of diluted plasmid cDNAs containing each gene was used to make the standard amplification curves [10] .
The mRNA copy numbers in cDNA samples were calculated using the standard amplification curves.
Immunohistochemistry. Cryosections (5 μm thick) were prepared from adult male rat liver, In Situ Hybridization. cDNAs were amplified from adult rat liver RNA by RT-PCR using primers listed in Table 1 . The PCR products were subcloned into pGEM-T vectors (Promega, Tokyo, Japan). Digoxigenin-labeled cRNA probes were synthesized with a DIG RNA labeling kit (Roche Molecular Biochemicals, Tokyo, Japan). Adult male rat livers were perfused with 4% paraformaldehyde in PBS and excised. Cryosections (5 μm)
were rehydrated and digested with 1 μg/ml proteinase K in PBS at 37 °C for 4 min.
Hybridization and wash procedures were described elsewhere [10] .
Results

Isolation of R3Hs and R2Hs from adult rat liver
Hepatocytes were obtained from the adult liver by collagenase perfusion method, pelleted, and centrifuged on 45% Percoll as outlined in Fig. 1 The mean cell diameter of hepatocytes in fractions A to G was 17.2, 17.8, 18.8, 20.7, 21.5, 22.5, and 23.2 μm, respectively, indicating that hepatocytes were fractionated according to size-difference. Each of these 7 fractions was analyzed with FACS using parameters of SSC, a measure of cytoplasmic complexity, and FL1 that measured autofluorescence of cells ( Fig. 2) . Previously we identified R3Hs as hepatocytes with lower FL1 and SSC [5] .
Such R3Hs were mainly seen in fractions from 16 to 28 ml/minutes ( Fig. 2A-C, rectangles). The three fractions, fraction A-C, were collected, mixed together, and separated into R2Hs and R3Hs again by FACS as above. The separated R3Hs were used as the purified R3Hs. Its purity was 99.3%, which was obtained by FACS analysis (Fig.   2H ). Similarly, "large-sized hepatocytes" (R2Hs) were isolated as a reference cell. R2Hs
were previously defined as hepatocytes with higher FL1 and SSC [5] . Hepatocytes with higher FL1 and SSC were mainly seen in the fractions from 24-44 ml/minutes ( Fig. 2C -G). R2Hs were sorted from fraction G with FACS and used as the purified R2Hs. Its purify was 98.2% (Fig. 2I ). These purified R3Hs and R2Hs were used for further analysis.
Characterization of R3Hs
We measured the cell diameter, nuclearity, and ploidy of the purified R3Hs and R2Hs.
These parameters were also determined for the original hepatocytes isolated from liver (the hepatocytes before fractionation with centrifugal elutriation shown in Fig. 1 ), PHs prepared as previously [2] , and SHs prepared as previously [2] . Original hepatocytes had the mean diameter of 23.0 ± 0.9 μm (Table 2 ). Approximately 26% of them was binuclear, and most (approximately 86%) were of binuclear diploid (2 x 2n) and tetraploid (4n). The size (20.2 ± 1.3 μm) of SHs was smaller than that (24.7 ± 1.5 μm) of PHs. The rate of the binucleation and the ploidy (2 x 2n, 4n, 2 x 4n, and 8n) of SHs was 12.3 ± 5.2 and 76.3 ± 2.7%, respectively, which was lower than those of PHs, 25.1 ± 2.5% and 95.1 ± 2.8%, respectively. The size (23.2 ± 0.5 μm) of R2Hs was similar to that of PHs. The ploidy rate of R2Hs was 96.8 ± 9.7%, which was similar to that of PHs. In contrast, R3Hs had the smallest diameter (17.4 ± 0.0 μm) and the lowest ploidy (17.6 ± 13.6%) among these hepatocyte preparations. No binucleated hepatocytes were seen in the R3Hs. These data show that R3Hs in the adult rat liver are small-sized mononuclear hepatocytes with lower ploidy.
cDNA microarray analysis and real-time RT-PCR of R3Hs and R2Hs
To characterize R3Hs at the gene expression level, we identified differentially expressed genes between R3Hs and R2Hs utilizing cDNA microarray method. Among 1,176 spotted genes on the microarray, 690 and 591 genes were hybridized with cDNA probes prepared from R3Hs and R2Hs, respectively. From 690 genes we selected 24 genes as R3H-genes (genes that are preferentially expressed in R3Hs) that meet the following two criteria: (1) the intensity of a gene in R3Hs is more than 10; (2) the ratio of the intensity of a gene in R3Hs to that in R2Hs is more than 2. Similarly, from the 591 genes, we selected 38 genes as R2H-genes. These R3H-and R2H-genes are listed in Table 3 . We selected five genes from each of these R3H-and R2H-genes, that are apparently involved in liver functions, and made real-time RT-PCR on the selected genes to examine whether the genes are actually expressed in R3Hs or R2Hs as expected: pancreatic secretory trypsin inhibitor (Psti), prostaglandin E2 receptor EP3 subtype (Pge2r), hydroxysteroid sulfotransferase (Sta), cytochrome P450 (Cyp) 17, and p55cdc from R3H-genes and Cyp7a1, 1a2, 2e1, 3a1, and 2c22 from R2H-genes. As a result, all these genes were found to meet the requirement for the R3H-(the expression ratio in R3Hs to that in R2Hs > 2) or R2H-genes (the expression ratio in R2Hs to that in R3Hs > 2) ( Table 4) .
Identification of R3H-Genes by cDNA RDA
To further screen R3H-genes that might not be covered on the microarray, we also performed cDNA RDA using mRNAs of R3Hs as testers and those of R2Hs as drivers.
We cloned 91 genes as candidates for R3H-genes, and determined mRNA expression of whose expression was more than 3-fold higher in R3Hs than in R2Hs, mitotic centromere-associated kinesin (Mcak, 9.70-fold), Cdc2 (7.16-fold), connexin 26 (Cx26, 5.32-fold), unknown gene (GenBank Accession number: AB088476, 4.93-fold), and EST207254 (3.70-fold) ( Table 5) . Genes of albumin and transferrin were expressed in R3Hs at 2.47-and 2.26-fold higher than in R2Hs (data not shown).
Lobular localization of R3Hs
Little has been known where R3Hs are in the liver lobules [2, 3, 5, 6] . The R3H-and R2H-genes identified in this study are considered to be useful molecular markers to obtain insights into histological distributions of R3Hs and R2Hs, respectively. From the above identified genes we selected Cx26, Psti, and Sta for R3H-markers, and Cyp7a1 and Cyp2c22 for R2H-markers, because these genes/proteins have been well characterized.
The expression profiles of these genes/proteins were examined on adult liver histological sections (Fig. 3) . Cx26 was more abundantly located on the membrane of periportal (PP) hepatocytes (PP-hepatocytes) than that of perivenous (PV) hepatocytes (PV-hepatocytes) (Fig. 3A) . In situ hybridization revealed that Psti mRNAs were expressed in PP-hepatocytes, but not in PV-hepatocytes (Fig. 3B) . No signals were detected in hepatocytes using sense Psti probes (data not shown). Expression of Sta mRNAs was also restricted to PP-hepatocytes (Fig. 3C) . In contrast, Cyp7a1 and Cyp2c22 were preferentially expressed in PV-hepatocytes (Fig. 3D, E) . These results strongly suggest that R3Hs and R2Hs dominate the PP-and PV-zone of liver lobules, respectively.
Discussion
In the present study we isolated a R2H-free pure population of R3Hs from adult rat liver by a method consisting of centrifugal elutriation and FACS sorting. Its purity was as high as 99.3%. This method enabled us a large amount of R3Hs at once for various analytical examinations. We determined cytological parameters of fresh preparations of R3Hs and compared them with those of other preparations of hepatocytes. R3Hs had a smaller diameter (17.4 μm), no binucleation, and lower ploidy (diploid, 82.4%). Size (23.2 μm) of R2Hs was similar to that of PHs. It is known that the growth potential of hepatocytes decreases with the binucleation and as ploidy increases [11] . Indeed, R2Hs showed a very high ploidy, the rate of polyploidy being 96.8%, which was similar to that of PHs. Thus, our present and previous [5] data indicate that R3Hs in adult rat liver are proliferative and small-sized mononuclear hepatocytes with lower ploidy.
Utilizing R2Hs as a reference cell, we attempted to comprehensively identify preferentially expressed genes in R3Hs by cDNA microarray analysis and cDNA RDA.
Cx26 mRNA was expressed 5.3-fold higher in R3Hs than in R2Hs. PP-hepatocytes express Cx26 at a high level as previously reported [12, 13] . In situ hybridization revealed that Psti mRNA was exclusively expressed in PP-hepatocytes. In rats, two different Psti genes, Psti-I and Psti-II, were reported [14] . The sequence similarity between Psti-I and Psti-II mRNAs is 91%. Although the primers for RT-PCR and probes for in situ hybridization used in this study hybridize both Psti genes, hepatocytes are known to express only the Psti-II gene [14] . Thus, the level of Psti mRNA expression measured in this study represents that of Psti-II. We identified Sta as a R3H-gene. Its expression was restricted to PP-hepatocytes as previously shown by immunohistochemistry [15] . These results strongly suggest that R3Hs dominate the PP-regions of liver lobules. Our conclusion supports a report that smaller hepatocytes show a less ploidy and a high mitogenicity, and are localized in PP-zones of the adult rat liver [16] .
We found that R3Hs express many hepatocyte-related genes such as albumin and transferrin. No expression of c-kit, a marker for oval cells [17] , was detected in both R3Hs and R2Hs on our microarray analysis and real-time RT-PCR (data not shown). Thus, we currently consider that the phenotype of R3Hs is largely similar to that of adult liver hepatocytes. However, the expression of many CYP enzymes including Cyp1a2, 2c22, 2e1, 3a1, and 7a1 is significantly low in R3Hs, indicating that R3Hs are not fully differentiated. We propose that R3Hs differentiate further and become matured hepatocytes, i.e. R2Hs.
It was reported that small hepatocyte like progenitor cells (SHPCs) appear in regenerating liver after partial hepatectomy in rats treated with retrorsine [18] . An experiment using genetically labeled hepatocytes indicated that mature hepatocytes are the source of SHPCs in the injured liver [19] . SHPCs express albumin and transferrin [18] .
They are featured by the low expression of Cyp2e1 and 3a1, and the high expression of α-fetoprotein and WT1. In this study, we found that the expression of mRNAs of CYP enzymes including Cyp1a2, 2c22, 2e1, 3a1, and 7a1 was lower in R3Hs than in R2Hs.
However, the expression of mRNAs of α-fetoprotein and WT1 was equally low in both R3Hs and R2Hs (data not shown). Thus, R3Hs are different population from SHPCs. The expression of mRNAs of many CYP enzymes was low in R3Hs, implying that R3Hs may be a source of SHPCs. Annexin III has recently been identified as a marker for SHs by proteome analysis [20] . However, we failed to detect its mRNA in both R3Hs and R2Hs by cDNA microarray analysis and real-time RT-PCR (data not shown), strongly suggesting that annexin III-expressing cells are a different population from R3Hs.
Hepatocytes around PP-zone (zone 1) enter in S phase between 12 and 18 hr after partial hepatectomy, and subsequently hepatocytes in other regions of the parenchyma enter in S phase [21] . Studies on cell kinetics revealed that PP-hepatocytes have a shorter G1 phase than PV-hepatocytes and some hepatocytes in PP-zones cycle 2 or 3 times after partial hepatectomy [22] . Cdc2 mRNA is up-regulated in S, G2, and M phases in the regenerating liver [23] . We showed that Cdc2 gene was 7.16-fold higher in R3Hs than in R2Hs. We consider that R3Hs are the cells that were previously identified as highly proliferative hepatocytes around PP-zone and the hepatocytes that were reported to first respond to the stimuli of partial hepatectomy [21, 22] . R3Hs and R2Hs thus obtained were used as the purified R3Hs and R2Hs for further analyses in this study, respectively. The purity of the purified R3Hs and R2Hs was determined by FACS as shown in Fig. 2H and I, respectively. were sorted as R2Hs. These R3Hs and R2Hs were subjected to further FACS analysis, which is shown in H and I, respectively. The FACS profiles show that these R3Hs and R2Hs were nearly pure. 
